Atherosclerosis is a chronic inflammatory disease of the arterial wall in which presentation of autoantigens by dendritic cells (DCs) leads to the activation of T cells. Anti-inflammatory cells like Tregs counterbalance inflammation in atherogenesis. In our study, human carotid plaque specimens were classified as stable (14) and unstable (15) according to established morphological criteria. Vessel specimens ( = 12) without any signs of atherosclerosis were used as controls. Immunohistochemical staining was performed to detect different types of DCs (S100, fascin, CD83, CD209, CD304, and CD123), proinflammatory T cells (CD3, CD4, CD8, and CD161), and anti-inflammatory Tregs (FoxP3). The following results were observed: in unstable lesions, significantly higher numbers of proinflammatory cells like DCs, T helper cells, cytotoxic T cells, and natural killer cells were detected compared to stable plaques. Additionally, there was a significantly higher expression of HLA-DR and more T cell activation (CD25, CD69) in unstable lesions. On the contrary, unstable lesions contained significantly lower numbers of Tregs. Furthermore, a significant inverse correlation between myeloid DCs and Tregs was shown. These data suggest an increased inflammatory state in vulnerable plaques resulting from an imbalance of the frequency of local pro-and anti-inflammatory immune cells.
Introduction
Atherosclerosis can be defined as an inflammatory process: the exposure of extracellular matrix proteoglycans facilitates the subendothelial accumulation of low-density lipoprotein (LDL) which is then exposed to oxidation. Oxidized LDL (oxLDL) activates endothelial cells and stimulates them to secrete chemokines and express adhesion molecules which lead to the extravasation of different immune cells, such as monocytes and T cells. After migration into the intima, monocytes differentiate into macrophages which take up oxidized lipids and thereby transform into foam cells. The growing accumulation of cell debris and lipids leads to the formation of a necrotic plaque core. Smooth muscle cells migrate from the media into the intima where they produce extracellular matrix (ECM) proteins which compose a fibrous cap covering the plaque core, thereby stabilizing the atheroma (plaque stabilization). Macrophages lead to the thinning of this fibrous cap through the release of matrix metalloproteinases which is the prerequisite of plaque rupture (plaque destabilization). Plaque rupture is followed by acute ischemic events such as stroke or acute myocardial infarction. However, the reason for inflammation in atherosclerosis was unknown for a long time. In recent times, it has been unraveled that certain autoantigens like oxLDL might be the trigger for chronic inflammation in atherosclerosis. Autoantigens are presented in atherosclerotic lesions by antigen-presenting cells (APC) like macrophages 2
Mediators of Inflammation or DCs and recognized by T cells. T cells in turn contribute
to the inflammatory state through the secretion of different proinflammatory mediators [1] .
It has been shown that DCs as professional APCs are present in atherosclerotic lesions and that they are essential for the initiation of an autoimmune process through activation of T cells. There are two major subpopulations of DCs: myeloid DCs (mDCs) and plasmacytoid DCs (pDCs). mDCs mainly recognize bacterial fragments and oxidized autoantigens, and pDCs are specialized in sensing viral fragments. Autoantigens like oxLDL promote the maturation of DCs, enabling them to trigger an antigen-specific T cell activation. IFN-, secreted by pDCs, correlates with plaque instability and stimulates naïve CD4+ T cells to differentiate into cytotoxic T cells and express IFN-, a potent regulator of T cell function [2] . In bioengineered arteries, activated mDCs stimulate autologous CD4+ T cells to produce IFN-, infiltrate the vessel wall, and cause inflammation [3] . However, it has been shown recently that DCs are also able to induce antigen-specific tolerance in peripheral T cells, which is necessary to suppress the progression of atherosclerosis [4, 5] .
Within the T cell subset, the majority of pathogenic cells in atherosclerotic lesions belong to the T helper (Th) 1 profile, producing proinflammatory mediators such as IFN-. The role of Th2 cells in atherogenesis remains controversial. There is now accumulating evidence that within the T cell population there is also a subset of specialized T cells with antiinflammatory properties: regulatory T cells (Tregs). Tregs are known to play a critical role in the control of inflammation and autoimmunity including chronic vascular inflammation causing atherosclerosis. An increase in Tregs was shown to correlate with a reduction in atherosclerosis in animal models [6] , and Tregs depletion promoted atherosclerosis in mouse models [7] . Naturally occurring Tregs produce IL-10 and TGF-. These cytokines were shown to be protective regarding plaque development [8] .
A theory gaining more and more acceptance trying to explain the reason for atherogenesis is the imbalance between immune cells producing proatherogenic mediators and regulatory T cells with immunosuppressive, anti-atherogenic properties.
The aim of our study was to answer the following questions: (1) whether the presence of certain immune cells is associated with the presence of other pro-or antiinflammatory cells, for example, myeloid or plasmacytoid DCs with proinflammatory T cells or anti-inflammatory Tregs, and (2) whether the expression of functional molecules such as HLA-DR, CD25, and different chemokine receptors which might be involved in the attraction of circulating immune cells correlates with the plaque stability.
Methods

Patients.
Plaque specimens of 29 patients undergoing endarterectomy of elastic arteries were analyzed in our present study. Indications for carotid endarterectomy ( = 17) were based on NASCET and ACAS criteria [9, 10] . Indications for femoral endarterectomies ( = 12) were high grade stenoses < 3-10 cm length causing relevant reductions in the walking distance [11] . Duplex scanning, magnetic resonance imaging, or angiography was performed to quantify the degree of stenosis prior to surgery. The study was approved by the local ethics committee and conducted in concordance with the Declaration of Helsinki. All patients gave informed written consent. Clinical data are listed in Table 1 .
As controls, 12 vessel specimens of elastic arteries were obtained from accident or suicide victims who did not show any macroscopic or histological signs of atherosclerosis.
Histological Analysis.
Endarterectomy specimens were fixed in 4% formalin. Areas with extensive plaque formation were cut out for further analyses. Sections with total vessel occlusion were excluded from the study. Plaques used in this study were at an advanced stage (types IV to VI) according to the AHA classification [12] . After decalcification in EDTA for 4 weeks, plaques were paraffin-embedded. Serial sections (4 m) were cut and mounted on glass slides. Trichrome staining was performed to analyze plaque morphology and plaque regions as previously described [13] (Figure 1 ). The fibrous cap was defined as the area between the lipid core and the lumen. The lipid core was defined as the inner, in unstable plaques lipid-rich and necrotic part. The plaque shoulders were located where the fibrous cap hits the regular vessel wall at an angle of approximately 90 ∘ . Media was considered the fibrous area surrounding the lipid core. All specimens were analyzed blinded to the clinical symptoms and the identity of each patient. The sizes of the lipid core area (mm 2 ) and of the total plaque area (mm 2 ) were measured by computer aided planimetry (Image J 1.43u, Wayne Rasband, NIH, USA). The lipid core ratio (LCR, %) was calculated (lipid core area/plaque area × 100). The fibrous cap was measured at its narrowest site. According to histological criteria [14] , plaque specimens were histologically classified as stable, fibrous lesions (fibrous cap > 100 m, LCR < 40%, ≤ 3 neovessels/0.2 mm 2 ), or unstable, vulnerable, lipid-rich plaques (fibrous cap < 100 m, LCR > 40%, neovascularization, >3 neovessels/0.2 mm 2 ) ( Table 2 ).
Immunohistochemical Stainings.
The antibodies used for immunohistochemical staining are listed in Table 3 , and catalyzed signal amplification technique (CSA System, DakoCytomation, Hamburg, Germany) was used according to manufacturer's instructions. CD34 immunostaining helped to detect neovascularization as a criterion for plaque instability [15] . The sections were treated with irrelevant isotypematched antibodies as appropriate negative controls. 
Quantification of Immunostained
Results
In this study, the cellular composition of 29 advanced plaques that were classified as stable or unstable according to established criteria was immunohistochemically analyzed. After immunohistochemical staining, the frequencies of different immune cells as well as functional markers were compared between unstable plaques ( = 15), stable plaques ( = 14), and vessels without any signs of atherosclerosis that served as control ( = 12). For absolute cell numbers and values see Table 4 .
Emergence of DCs in Stable and Unstable Atherosclerotic
Lesions. Macrophages (CD68+) as typical and well-known APCs were significantly more often present in advanced atherosclerotic lesions than in healthy vessels (Table 4) .
To investigate the frequency of dendritic cells (DCs) as other important APCs in atherosclerosis, immunostaining of plaques with different DC markers was performed (Table 4 , Figure 2 ). To investigate the global emergence of myeloid (m) DCs, the expression of fascin and S100 was analyzed. The number of fascin+ mDCs was significantly higher in unstable than in stable plaques (1.6-fold) or control vessels (1.9-fold).
The frequency of S100+ DCs was also significantly 1.6-fold higher in unstable than in stable plaques. This supports the theory of an increase in the number of mDCs in the course of plaque destabilization. To further investigate the maturation level of DCs during the process of plaque destabilization, immunohistochemical staining was performed with markers that allow the differentiation between mature mDCs (CD83) and immature mDCs (CD209). For mature mDCs, a higher emergence was visible in stable plaques compared to control vessels (1.6-fold), and a further significant increase was visible in emergence in unstable compared to stable lesions (5.9-fold). The significant increases in the cell number of immature mDCs in the course of plaque progression were lower than those of mature mDCs (Table 4) . On the contrary, for pDCs (CD123+, CD204+), no significant difference was detected between unstable and stable plaques. In addition to the immunostaining with cellular markers, we also performed immunostaining with HLA-DR, a functional APC marker which is upregulated through activation. The frequency of HLA-DR expressing cells was significantly higher in unstable than in stable plaques (1.6-fold) and control vessels (2.4-fold). 
Frequency of T Cells in Different Stages of Atherosclerotic Lesions
Proinflammatory T Cells.
The frequency of T cell subgroups was also compared for stable and unstable atherosclerotic plaques (Table 4 , Figure 3 ). The number of CD3+ T cells was significantly higher in unstable than in stable lesions (2.3-fold) or control vessels (4.5-fold). Also, CD4+ T helper cells and CD8+cytotoxic T cells occurred significantly more often in unstable than in stable lesions (3.4-fold). Furthermore, the emergence of natural killer T cells as another T cell subset playing an important role in atherosclerosis was investigated by immunostaining with CD161. A significantly higher emergence of these cells in unstable than stable lesions (1.5-fold) or healthy vessels (6.3-fold) was observed.
Activated T Cells.
CD25 is expressed by activated B and T cells, including Tregs. The CD25 expression was investigated in advanced lesions comparing unstable and stable plaques. The number of CD25+ T cells was significantly 6.6-fold higher in vulnerable than fibrous atherosclerotic lesions. As an early activation marker which is also expressed by activated B and T cells as well as macrophages and platelets, occurrence of CD69 was investigated. There was a significant 1.7-fold higher number of CD69+ cells in unstable than stable plaques (Table 4) . 
Anti-Inflammatory T Cells.
In contrast to the observations of higher cell numbers of DCs and proinflammatory T cells, the number of FoxP3+ Tregs was significantly lower in vulnerable than in stable plaques (3.5-fold decrease) ( Table 4 , Figure 4 ). 
Expression of Chemokine Receptors in
Correlation Analyses of Proinflammatory and AntiInflammatory Cells.
Several significant correlations between different proinflammatory cells were observed in advanced plaques, for example, correlations between different subtypes of T cells and subsets of DCs (Table 5) . However, there were also many significant correlations between T cell subsets and mDCs, for example, fascin+DCs-CD4+ cells, fascin+DCs-CD161+ cells, CD209+DCs-CD8+ cells, and CD83+DCs-CD4 cells (correlation coefficients [ -values] > 0.6, values < 0.001). This shows that several proinflammatory cells are equally attracted into the vessel wall during atherogenesis. Also, the functional marker of APC HLA-DR correlates with the marker of activation for T cells CD25 ( = 0.67, < 0.001), implicating that not only the attraction of these cells but also their activation significantly correlates in atherogenesis.
To investigate chemoattraction, the correlation between proinflammatory cells and chemokine receptors was investigated. There were significant correlations found for proinflammatory cells and chemokine receptors: CCR4+cells-CD3+cells ( = 0.56, = 0.002), CCR4+cells-CD25+cells ( = 0.48, = 0.01), CCR4+cells-CD4+cells ( = 0.45, = 0.02), and CCR6+cells-CD8+cells ( = 0.46, = 0.01). These positive correlations between chemokine receptors and different proinflammatory cells during plaque destabilization implicate a possible role of chemoattraction of these cells into the atherosclerotic plaque.
Contrary to the positive correlations between different subsets of proinflammatory cells, a significant inverse correlation was visible between anti-inflammatory FoxP3+ Tregs 
Correlation of the Emergence of Different Immune Cells with Clinical Data.
There was no significant correlation between the frequency of the cells investigated and cardiovascular risk factors or ischemic symptoms (data not shown). Interestingly, a preexisting statin therapy might influence the frequency of immune cells in plaques. Statin-treated patients showed a trend to a more stable plaque morphology, a significantly decreased number of fascin+ and CD83+ DCs (2.1-fold decrease, = 0.006; 3.6-fold decrease, = 0.04), and a significantly higher emergence of FoxP3+ Tregs (2.6-fold increase, = 0.04) ( Figure 6 ). This decrease in proinflammatory cells and increase in cells with anti-inflammatory properties underline the plaque-stabilizing effects of statins ( Figure 7 ).
Emergence of Certain Immune Cells in Different Regions of the Plaque. For T helper cells, plaque destabilization is
attended by an increase of cells in the lipid core and the plaque shoulders as well as a reduction in the tunica media ( Figure 3 ). This can be explained by the fact that oxidized lipid present in the lipid core is one of the major triggers attracting T cells into the vascular wall. As shown in Figure 2 , the distribution of fascin+ DCs is almost equal in plaques with stable and unstable morphology. In unstable plaques, Tregs seem to be mainly in the lipid core. In rupture-prone shoulders there is a lower relative and absolute number of Tregs present in unstable lesions (Figure 4 ).
Discussion
Atherosclerosis as an inflammatory disease of the vessel wall involves different types of immune cells. In a former study, Yilmaz et al. [13] showed that DCs as very potent APCs play an important role during plaque destabilization. There is also accumulating evidence that Tregs as anti-inflammatory, tolerance-inducing T cells are involved in atherogenesis [16] . Recently, DCs were shown to be able to induce antigenspecific tolerance in peripheral T cells [4, 5, 17] . This raises the question in which way DCs and T cells interact during atherogenesis, as inductor of pro-or anti-inflammatory T cells. Therefore, the aim of the present study was to analyze the frequency of different immune cells in advanced plaques subdivided in stable und unstable lesions according to histological criteria [13] and investigate whether the presence of DCs is associated with the presence of pro or antiinflammatory cells. Furthermore the expression of functional molecules and different chemokine receptors were analyzed to get insights in possible mechanisms of attraction. The following results were observed.
As expected, in unstable plaques we detected significantly higher numbers of mDCs, T cells, T helper cells, cytotoxic T cells, natural killer cells, and activated T cells compared to stable lesions. This shows that plaque destabilization is accompanied by an increase of proinflammatory cells as shown in former studies [18] . A recent study showed a coaccumulation of DCs and natural killer cells during plaque progression [19] . Within mDCs, mature DCs are able to cause an immune response through antigen-specific T cell activation, and immature DCs are thought to mediate tolerance [20, 21] . We were able to show a higher number of mature mDCs in unstable compared to stable atherosclerotic lesions which show an increase in vascular inflammation in the course of plaque progression. The equal number in the frequency of pDCs in stable and unstable plaques is not surprising. Former studies showed that pDCs are not recruited into inflammatory but rather lymphatic tissue [22, 23] . pDCs were formerly described to be present in atherosclerotic plaques and suggested to activate T cells [2] . However, apparently they do not seem to play a major role in atherogenesis [24] .
Additionally, the emergency of Tregs as important antiinflammatory cells was analyzed. There was a low number of Tregs present in control vessels and a significant 4.4-fold increase in Tregs frequency in stable plaques was obvious. An explanation might be that in healthy vessels only few inflammatory cells are present. Atherogenesis then goes along with recruitment of immune cells to the lesion site [25] . Then in the course of plaque destabilization a decrease in Treg frequency to less than a third was evident. This inverse correlation between Tregs and plaque rupture suggests an anti-inflammatory function of these cells in atherosclerosis.
Tregs can be divided into two entities: thymus-derived natural Tregs and peripherally generated induced Tregs. In our study, Tregs have been characterized by the marker FoxP3 which is expressed by both subgroups and thus does not allow us to differentiate between natural and induced Tregs. Recently, novel markers have been found that might help to characterize natural Tregs: natural Tregs have a higher expression of neuropilin 1 and Helios compared to induced Tregs [26] . In further experiments, these new markers should be investigated in IHC staining experiments to further analyze Tregs in atherosclerotic plaques and their role in atherogenesis.
So far, to our knowledge only three papers investigating the number of FoxP3+ Tregs have been published [27] [28] [29] . de Boer et al. [27] compared advanced lesions to early lesions and observed significantly increased numbers of Tregs in Interestingly, in our study DCs and different subtypes of proinflammatory T cells positively correlated with the progression of atherosclerosis. Analyzing the frequency of DCs (CD83+, CD209+) in comparison with Tregs, a significant inverse correlation was observed. This is in agreement with the results of Dietel et al. [29] who also showed an inverse correlation. Assuming an anti-inflammatory function of Tregs [31] , these observations of a concordant increase with proinflammatory cells and an inverse correlation with Tregs suggest DCs to function as an inductor of proinflammatory T cells and suppressor of Tregs in atherosclerosis.
Analyzing the distribution of Tregs in different plaque regions during plaque progression, we were able to show that Tregs are mainly present in the lipid core. Tregs present in unstable lesions seem to migrate into the lipid core and not to the same extent into the plaque shoulder regions where antiinflammation would presumably be more important because these regions are the rupture-prone plaque regions.
Regarding the clinical data of the patients of the present study, one might notice that the percentage of male individuals is higher in the stable plaques group. Anyway, analyzing the cell numbers for men compared to women, there are no significant differences. There are no significant differences regarding cell numbers in carotid compared to femoral plaques. Interestingly, there is no difference in frequency of the examined immune cells considering cardiovascular risk factors or ischemic symptoms [13] . The reason for this difference might be the use of not only carotid but also femoral plaques for immunostaining in this study. Patients with peripheral arterial disease mainly suffer from chronic pain, but symptoms of acute vascular occlusion are rarely found.
Interestingly, there is an association of mDCs and Tregs with statin medication. Plaques of statin-treated patients showed a significantly lower number of DCs and a significantly higher number of Tregs. Even though not all studies demonstrated an anti-inflammatory effect of statins [32] , our observations are in agreement with the majority of recent publications suggesting a plaque stabilizing effect of statin treatment [13, 33] . Regarding the different substances of statins, the dose-dependent effect of statin medication, or the effect of the duration of the statin treatment, we were not able to detect significant differences in the current study. This might be due to the size of the number of included patients.
In conclusion, the present study is one of the first showing a significantly lower number of Tregs in unstable atherosclerotic lesions compared to stable ones. This reduction in anti-inflammatory cells during atherogenesis might be an important reason for plaque destabilization. The increasing number of mDCs in the course of plaque progression, for which we were able to show a proinflammatory effect in the present study, might be the reason for a decrease in Tregs. This observation raises new questions about the interaction of DCs and Tregs which should be the point of interest in further studies. 
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